Negative differential resistance (NDR) behavior existing in dark current-voltage (IV) curves of terahertz quantum-well photodetectors (QWPs) is theoretically investigated. Due to electron-electron scattering, the localized two-dimensional (2D) electrons in terahertz QWPs are thermalized. In steady state, the effective temperature of the 2D electrons is found to be higher than that of lattice. A self-consistent model is used to simulate the dark IV curves of terahertz QWPs, taking into account the thermalization effect of the 2D electrons. The NDR behavior is qualitatively reproduced. The periodic structures of electric-field domain and 2D electron occupation are formed in the NDR regime. The improved self-consistent model is useful for further understanding of the electron transport properties and improving the performance of terahertz QWPs. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Vertical electron transport across weakly coupled multiquantum wells (MQWs) is a central issue for the performance improvement of quantum-well photodetectors (QWPs). 1 Recently, large current discontinuity and instability have been observed in the current-voltage (IV) curve of a terahertz QWP at a temperature of 1.5 K by Gomez et al. 2 Later, Delga et al. shown that the negative differential resistance (NDR) regime in the dark IV curve measured in a current sweeping mode was responsible for such current discontinuity and instability. 3 They concluded that the NDR was mediated by the space charge in the quantum wells (QWs) released by an intersubband impact ionization process; 4 and such depletion layers were near the emitter and collector contacts.
In QWPs, the impact ionization originates from the electron-electron (ee) interaction between the drift hot electrons in the continuum states above the QWs and the confined two-dimensional (2D) cold electrons in QWs. [4] [5] [6] In a more general point of view, the most important effect of ee interaction between the two groups of electrons is that the 2D cold electrons are thermalized. Therefore, in steady state, the effective temperature of the 2D electrons is higher than that of lattice. The temperature difference is determined by the densities and temperatures of the two groups of electrons, the escape probability of energetic 2D electrons, and energy exchange rate between 2D electrons and lattice. Because there are two degrees of freedom for the 2D electrons in QWs, it is expected that such energy exchange between the 3D hot electrons and the 2D cold electrons is efficient. The thermalization of 2D electrons has been found in quantum cascade lasers. 7 In terahertz QWPs, because the energy differences between the ground subbands and the continuum states are very small, the dark IV curves are very sensitive to temperature. 8 Therefore, it is necessary to consider the effect of 2D electron thermalization on the electron transport behaviors in terahertz QWPs.
II. THEORETICAL MODEL
Within a first-order approximation, the 2D electron effective temperature T e can be expressed by the rate equation dT e =dt ¼ SðE k ; JÞ À RðT e ; T L Þ, where S(E k ,J) describes energy exchange rate between the 3D hot electrons and the 2D cold electrons, which is assumed to be proportional to the thermal power of the drift 3D electrons E k J with E k the kinetic energy of a drift 3D electron in QW layers and J the current density, and R(T e ,T L ) is the energy relaxation rate from the 2D electrons to lattice with T L the temperature of lattice. In steady state, for a larger value of T e , the increase of S will become slower and the energy relaxation rate R will be faster. Therefore, it is expected that there is a maximum value T max for T e . The kinetic energy of a drift electron in the ith QW layer is
is the drift velocity of electrons with F iÀ1 the electric field across the barrier on the left-hand side of the ith QW, l the mobility, and v sat the saturation drift velocity. Here, s is the scattering time, E b is the barrier height, and E 1 is the energy of the first subband bottom. In low temperature regime, the main energy relaxation channel from the 2D electrons to lattice is the electronacoustic phonon scattering. 8 Therefore, the energy relaxation rate is RðT e ; T L Þ ¼ AðT 
Here, a, c, and T max are three fitting parameters. Due to Eq. (1), a positive feedback loop is introduced when the bias voltage is slightly increased at a critical bias point: larger current density ! higher effective temperature of 2D electrons ! more thermal emission of electrons from the QWs ! larger current density. The positive feedback loop stops when T e approaches to T max . The NDR regime can be qualitatively explained by the above positive feedback loop. In this paper, Eq. (1) is incorporated into a self-consistent model developed by Thibaudeau et al. 10 The numerical results show that the thermalization of 2D electrons in QWs can introduce NDR in dark IV curves of terahertz QWPs.
When a QWP is operated in steady state, the current J flowing through the device equals the injected current J inj from the emitter contact (left end, electrons flowing from the left end to the right end of the device), and the number of captured electrons by one QW equals that of escape electrons from the QW. [10] [11] [12] [13] Under the assumption of uniform electric field across each barrier, the dark IV relation is determined by the following coupled equations:
where q i is the 2D electron density in the ith QW, q d is the Si doping density in the QWs, e 0 is the vacuum permittivity, e r is the static dielectric constant, q is the electron charge, p c is the electron capture rate, F iÀ1 (F i ) is the electric field across the left (right)-hand side barrier of the ith QW, J th is the thermal emission and field-assisted tunneling current from the ith QW, V is the bias voltage applied to the device, N is the number of QWs, L b is the barrier height, and L w is the width of QW. The injected current J inj is given by the following expression:
10,11
where m * is the effective mass of electron, k is the Boltzmann constant, E c is the energy of conduction band bottom, E z is the electron kinetic energy along the direction of current flow, and E Fc and E Fw are the Fermi energies of the emitter contact and the first QW, respectively. Within the WKB approximation, the probability of tunneling T(E z ,F 0 ) through the barrier is expressed as 9, 10 TðE z ; F 0 Þ ¼
The QWs are treated as three-dimensional emitters, and the thermal emission current J th from the QWs is achieved by an expression similar with Eq. (5).
III. NUMERICAL RESULTS AND DISCUSSIONS
The studied terahertz QWP is labeled as V265 reported in Refs. 8 (1)- (6) are solved iteratively. The convergence criterion is that the maximum value of jq i;n À q i;nÀ1 j=q d is less than 1.0 Â 10 À4 with n the nth iteration. The effective mass of electron is 0.067 m 0 with m 0 the electron mass. Because of a very small mole fraction of Al (0.05), the static dielectric constant of GaAs e r ¼ 10.88 is taken in the following calculations. The barrier height is 0.84 x ¼ 0.042 eV with x the Al mole fraction ratio. 10 The lattice temperature is T L ¼ 4.0 K. The electron mobility l, the saturation drift velocity v sat , the electron capture probability p c , and the scattering time of drift electrons in the barrier layers are 5000 cm 2 /V/s, 1.0 Â 10 7 cm/s, 0.03, and 8.0 ps, respectively. Fig. 1 shows the numerical dark IV curves and experimental data 3 in the inset. The fitting parameters are a ¼ 1.0 Â 10 10 , c ¼ 4.0, and T max ¼ 14, 20, and 22 K. The main features of the NDR regime are reproduced qualitatively. The start point of the NDR regime is determined by parameters a and c. The main features of NDR are characterized by parameter T max . For T max < 15 K, there is only a kink in the dark IV curve. With the increase of T max , the NDR regime appears and the magnitude of NDR-induced current discontinuity increases and the minimum bias voltages in the NDR regime approach to smaller values. Our model can reproduce the two-cusp shape of the NDR regime. Moreover, the transition point and the magnitude of current discontinuity can be well fitted by adjusting parameters a, c, and T max . However, compared with the experimental data, our model gives much smaller values of the two minimum bias voltages at which the transitions of NDR states to positive differential resistance (PDR) states occur. Several reasons maybe responsible for such discrepancies. First, Eq. (1) is a phenomenological expression to describe the dependence of effective temperature on electric field and current density; more sophisticated method is needed. Second, the intersubband impact ionization is not included in our model. Finally, because of the accumulation and depletion of electrons in QWs in the NDR regime, the electron-related potential is significantly distorted; but such potential distortion is not considered in our calculations. Fig. 2 presents the potential distributions for different injection current densities labeled as A, B, C, D, E, and F in the dark IV curve with T max ¼ 22 K shown in Fig. 1 . We find that the effective temperatures of 2D electrons in different QWs are different. Before the appearance of NDR transition (point A), the electric field across the main body of the device is uniform. According to Eq. (1), the effective temperature T e has the same value for all the QWs. At point B near the beginning of the NDR regime, due to the increase of injection current, the electric field across the first barrier is larger than those across the other barriers. The flowing electrons in the first QW layer earn more energy from the electric field, which makes the 2D electrons in the first QW hotter. In steady state, since the current continuity must be satisfied, the electric field across the second barrier, and further the effective temperature of 2D electrons in the second QW become lower. For the same mechanism, the electric field across the third barrier increases. Therefore, at J inj ¼ 2.76 Â 10 À5 A/cm 2 , electric-field domains are formed in the first three periods of the terahertz QWP. With further increasing injection current J inj , the periodic electric-field domains are strengthened and they extend to the whole of the device. The period of the electric-field domains equals to twice of that of the MQW structure. Similar periodic field domain structure in mid-infrared QWPs has been reported by Ryzhii et al. 16 At the NDR-PDR transition point (C), the effective temperature T e of 2D electrons in the odd number indexed (ONI) QWs equals to T max ¼ 22 K. Because of over-thermal emission from the ONI QWs, the electric fields across the even number indexed (ENI) barriers are reversed. From point C to point D, the effective temperature T e in ONI QWs equals to T max . Therefore, with the increase of injection current, the electric fields across the ONI barriers increase. At the same time, the effective 2D electron temperatures in ENI QWs increases, and the reversed electric fields across the ENI barriers decrease and approach to zero. So, in the C-D region, the dark IV shows PDR behavior. The second PDR-NDR transition near point D is triggered by the increase of effective 2D electron temperature in ENI QWs. At point E, the field domains are weakened because of the decrease of the effective temperature difference between the ONI QWs and the ENI QWs; the periodicity of the electric-field domains is smeared. Finally, the effective temperature T e equals to T max for all the QWs. The electric field across the main body of the terahertz QWP is uniform (Point F).
The numerical normalized total net electron density
as a function of injected current is shown in Fig. 3 . At the small injection current region, there is a small electron accumulation in the device. For J inj > 3.0 Â 10 À7 A/cm 2 , the device is electron depleted. The dip at point B originates from the thermalization of 2D electrons in ONI QWs. The sharp depletion of electrons in the D-E region is induced by the thermalization of 2D electrons in all QWs. As shown in the inset of Fig. 3 for point C, electrons are accumulated in ONI QWs and are depleted in ENI QWs. Similar with the structure of electric-field domain, the effective temperature difference between ONI QWs and ENI QWs introduces a periodic structure of 2D electron occupation in the QWs. Such periodicity is distorted with the decrease of the effective temperature difference (inset for point D). At point F, the effective temperature is T max ¼ 22 K for 2D electrons in the MQWs. Near the emitter contact, there is a depleted layer consisting of four QWs. The other QWs are close to electrically neutral. 
IV. CONCLUSIONS
In conclusion, we investigate the NDR properties existing in the dark IV curve of a terahertz QWP. A phenomenological expression is used to describe the current-induced thermalization of 2D electrons in the QWs. The main features of the NDR regime are reproduced. We find that the thermalization of 2D electrons is a two-step procedure. In the first step, the effective temperature of the 2D electrons in the ONI QWs reaches to T max . In the second step, all the 2D electrons are completely thermalized. The periodic structures of electric-field domain and the 2D electron occupation are formed in the NDR regime. FIG. 3 . Calculated normalized total net electron density q T as a function of injected current. Inset: Numerical results of normalized electron density and electron temperature T e in each QW q QW for points C, D, and F shown in Fig. 1 .
